Background: Sialic acids play key roles in molecular recognition. Results: T-cell activation alters the principal sialic acid species profile, regulating expression of siglec ligands, T-cell activation per se, and T cell-B cell interactions. Conclusion: This activation-dependent change in the sialoglycan profile modulates immune responses. Significance: Pronounced changes in the sialoglycan profile not only serve as cellular markers but also reflect cellular functionality.
Sialic acids (Sias) are often conjugated to the termini of cellular glycans and are key mediators of cellular recognition. Sias are nine-carbon acidic sugars, and, in vertebrates, the major species are N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc), differing in structure at the C5 position. Previously, we described a positive feedback loop involving regulation of Neu5Gc expression in mouse B cells. In this context, Neu5Gc negatively regulated B-cell proliferation, and Neu5Gc expression was suppressed upon activation. Similarly, resting mouse T cells expressed principally Neu5Gc, and Neu5Ac was induced upon activation. In the present work, we used various probes to examine sialoglycan expression by activated T cells in terms of the Sia species expressed and the linkages of Sias to glycans. Upon T-cell activation, sialoglycan expression shifted from Neu5Gc to Neu5Ac, and the linkage shifted from ␣2,6 to ␣2, 3 
. These changes altered the expression levels of sialic acid-binding immunoglobulin-like lectin (siglec) ligands. Expression of sialoadhesin and Siglec-F ligands increased, and that of CD22 ligands decreased. Neu5Gc exerted a negative effect on T-cell activation, both in terms of the proliferative response and in the context of activation marker expression. Suppression of Neu5Gc expression in mouse T and B cells prevented the development of nonspecific CD22-mediated T cell-B cell interactions. Our results suggest that an activation-dependent shift from Neu5Gc to Neu5Ac and replacement of ␣2,6 by ␣2,3 linkages may regulate immune cell interactions at several levels.
When naive T cells encounter specific antigens, such cells differentiate into effector T cells and evoke immune responses via secretion of cytokines or the killing of infected cells. Therefore, control of T-cell activation is important to optimize the immune response. Upon activation, T cells undergo a variety of changes in glycosylation patterns (1) (2) (3) (4) (5) (6) (7) , but the functional roles of such changes remain unclear (8) . It is necessary to understand activation-dependent changes in glycosylation not only to define the mechanism of T cell-mediated immune regulation but also to support efforts to artificially modulate immune responses because glycans are located in the outermost regions of cells and are highly accessible.
T-cell activation is induced by recognition by T-cell receptors (TCRs) 2 of certain antigens displayed on the surfaces of antigen-presenting cells. TCR signaling is regulated by nearby co-receptors, allowing the same TCR to transmit signals from a single antigen triggering both apoptosis and activation. Glycosylation patterns are cell type-specific and change upon activation (6) . Thus, many glycan-specific probes have been used as markers to define cell subpopulations or activated cells (9 -12) , although the functions of such markers remain unclear. Most membrane proteins, including the co-receptors and other signaling molecules, are glycoproteins, and changes in glycosylation patterns regulate function either by altering protein binding to glycan-binding proteins or lectins or by directly modulating protein activity (13) . Collectively, co-receptor activities may be finely tuned by regulating glycosylation in a manner reflecting cellular status.
Study of glycosylation changes during T-cell activation has been an active field of glycobiology (6) . The peanut lectin, PNA, binds to the desialylated core 1 of O-linked glycans, and expression of this epitope is developmentally regulated via sialylationdependent masking. Thus, induction of PNA epitope expression on activated T cells is triggered by suppression of the activity of the sialyltransferase ST3GalI (7, 14) , and the PNA epitope occurs on glycoproteins such as CD43 and CD45 (6) . Expression of the core 2 branches of O-glycans is also regulated during T-cell activation. Levels of C2GnT increase, and the branching pattern changes in a manner that allows subsequent polylactosamine-mediated extension (15) . After fucosylation enzyme(s) acts, such changes may regulate sialyl-Lewis X expression, triggering homing of a subset of T cells via selectinmediated cell adhesion (16) . Overall, the surface glycans of T cells change upon activation, reflecting cell functionality (17) .
The sialic acids (Sias) (18) form a family of nine-carbon acidic sugars that are often conjugated to glycan termini via ␣2,3-, 2,6-, and 2,8-linkages. Of the diverse Sia family members with various molecular modifications, N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc) are the major Sia species in mammals and differ by the presence of a hydroxy group at the C5 position (19) . Resting B and T cells express Neu5Gc abundantly; however, we previously showed that the major Sia species changed from Neu5Gc to Neu5Ac upon activation of B cells, including germinal center (GC) B cells (4) . Such suppression of Neu5Gc expression upon activation is achieved via repression of CMP-Neu5Ac hydroxylase (CMAH), an enzyme required for Neu5Gc biosynthesis from Neu5Ac at the sugar-nucleotide level (20, 21) . Previously, we also found that a GL7 monoclonal antibody, a widely used GC marker, recognized ␣2,6-linked Neu5Ac and could be used to detect activation-dependent repression of Neu5Gc expression in B cells in which activation was negatively regulated by Neu5Gc. Resting T cells became GL7-positive upon stimulation with concanavalin A (ConA) (11) . The major Sia species in resting T cells, as in B cells, is Neu5Gc. Thus, we hypothesized that the major Sia species of T cells would change from Neu5Gc to Neu5Ac upon activation. Indeed, Redelinghuys et al. (22) recently reported that levels of Neu5Gc and Cmah mRNA decreased in T cells upon in vitro activation. Furthermore, Yusuf et al. (23) found that follicular helper T cells (T FH cells) within GCs could be distinguished from non-GC T FH cells and that GC T FH cells were GL7-positive, indicating that GC T FH cells expressed Neu5Ac abundantly. GL7-positive GC T FH cells mediate certain activities of GCs that are crucial steps in the development of the T cell-dependent immune response (24, 25) . However, the functional significance of the change in the predominant Sia species of T cells requires further study. The fact that the predominant Sia species differed between nonactivated and activated T cells, and between non-GC T FH cells and GC T FH cells, prompted us to explore the biological functions of the two Sia species in terms of T-cell activity.
Sialoglycans vary greatly in structure and participate in various intermolecular and intercellular interactions via recognition by lectins, including selectins and sialic acid-binding immunoglobulin-like lectins (siglecs), which are expressed principally by immune cells (26) . Most siglecs are thought to negatively modulate cellular signaling via the actions of immunoreceptor tyrosine-based inhibitory motifs located in their cytosolic regions, but sialoadhesin (Sn, Siglec-1, CD169) has a short cytosolic region and extended extracellular domains, and it plays a role in cell-cell interactions (27, 28) .
In the present study, we found that Neu5Gc-containing glycans negatively regulated T-cell proliferation. Activated T cells escaped from this Neu5Gc-mediated suppression by repression of CMAH. Activation-dependent Neu5Gc suppression was detected by cellular siglecs. Neu5Gc suppression upon T-cell activation was associated with increases in the expression of Sn and Siglec-F ligands, with concomitant loss of the CD22 ligand. The loss of the CD22 ligand reduced the extent of antigenindependent T cell-B cell interactions mediated by CD22. Here we reveal the biological significance of physiological activationdependent dynamic changes in T-cell sialoglycan expression, in the context of the target cells with which lymphocytes interact. Collectively, our results suggest that suppression of Neu5Gc expression in activated T cells plays a physiologically significant role in immune regulation, involving both T cell-autonomous and heterocellular interaction-mediated mechanisms.
EXPERIMENTAL PROCEDURES
Mice-C57BL/6J, Cmah knock-out (Cmah Ϫ/Ϫ ) (4), and Cd22 knock-out (Cd22 Ϫ/Ϫ ) (29) mice were housed in a specificpathogen-free facility. Cmah transgenic (Tg) mice were generated via microinjection of a transgenic construct featuring FLAG-tagged mouse Cmah cDNA (30) with the mouse E enhancer, a mouse Ig heavy-chain promoter, and a rabbit ␤-globin polyadenylation signal. A purified NotI fragment containing the transgene was injected into fertilized eggs of the mouse 129 strain. Tg mice were back-crossed at least five times with C57BL/6J animals prior to analysis. All animal work was performed in accordance with animal care guidelines and was approved by the Animal Experimental Committee of Kyoto University Graduate School of Biostudies.
Materials-Most materials were obtained from Wako Chemical or Nacalai Tesque and met experimental requirements.
Antibodies-The antibodies used were as follows: a phycoerythrin (PE)-conjugated F(abЈ) 2 fragment of anti-rat IgM (Rockland); a PE-conjugated anti-human IgG Fc fragment (Southern Biotech); HRP-conjugated anti-rabbit IgG and HRP-conjugated anti-goat IgG (Zymed Laboratories Inc.); an anti-actin (Santa Cruz Biotechnology, Inc.); FITC-or R-PEconjugated anti-CD4, R-PE-conjugated anti-CD8 and FITCconjugated anti-CD69 (BD Biosciences); and PE-conjugated anti-TCR and PE-conjugated anti-CD25 (eBioscience). A rabbit N8 antiserum was used to detect CMAH, as reported previously (31) . The supernatant of hybridoma HB-254 cells (from ATCC) cultured in CELLine Flasks (BD Biosciences) was dialyzed against phosphate-buffered saline (PBS) and used as a source of GL7 antibody. The following antibodies were used to stimulate T cells: a purified NA/LE anti-CD28 antibody (BD Biosciences) and an anti-CD3 antibody purified from the culture supernatant of the hybridoma clone 145-2C11 with the aid of Thiophilic superflow resin (Clontech).
Cell Preparation and Culture-Splenocytes were prepared via ACK (ammonium-chloride-potassium) lysis of red blood cells. Splenic T cells were obtained via B220 and CD11b depletion, and B cells were obtained by Thy1 depletion using the MACS system (Miltenyi Biotec). The obtained fractions were stained with an anti-TCR or B220 antibody (BD Biosciences) and analyzed via flow cytometry to confirm T-or B-cell enrichment. T cells were prepared and cultured in RPMI 1640 medium (Invitrogen) supplemented with 10% (v/v) fetal bovine serum (FBS), sodium pyruvate (Invitrogen), nonessential amino acids (Invitrogen), l-glutamine, 2-mercaptoethanol, and kanamycin.
For T-cell activation, anti-CD3 antibodies were immobilized onto cell culture plates or dishes in PBS overnight at 4°C, and the plates or dishes were washed with culture medium prior to the addition of cells. ConA and anti-CD28 were added to the culture in soluble form.
Preparation of Siglec-Fc Probes-Recombinant mSn-Fc, mCD22-Fc, mCD22(R130A)-Fc, hCD22-Fc, mSiglec-E-Fc, and mSiglec-F-Fc contain the first three domains (the V-set domain and two C2-set domains) of the siglecs and the Fc region of human IgG1. Siglec-Fc probes were produced in sialylationdeficient Lec2 cells and purified with the aid of Protein A-Sepharose, as described previously (4) . In mCD22(R130A)-Fc, the arginine residue at position 130 of mouse CD22 (required for ligand binding) was mutated to alanine. Thus, mCD22(R130A)-Fc served as a negative control probe. When flow cytometry was to be performed, the Siglec-Fc probes were precomplexed with PE-conjugated anti-human IgG Fc in FACS buffer (1% (w/v) bovine serum albumin (BSA) and 0.1% (w/v) NaN 3 in PBS) at 4°C for at least 2 h, and staining then proceeded for 1 h, either at room temperature or on ice.
Flow Cytometry-Staining was performed in FACS buffer. Either FACScan or a FACSCalibur (BD Biosciences) was used, and data were analyzed with the aid of FlowJo software (Tree Star).
High Performance Liquid Chromatography (HPLC) of Sias-Neu5Gc/Neu5Ac ratios were determined using the 1,2-diamino-4,5-methylenedioxybenzene method for detection of ␣-keto acids, as described previously (31) . Briefly, Sias were released by incubating cells in 2 M acetic acid for 2 h at 80°C. The Sias were then derivatized with 1,2-diamino-4,5-methylenedioxybenzene (Dojindo) and analyzed on a reverse-phase column (TSK-GEL ODS-120T, Tosoh) using a Shimadzu LC10 HPLC system in gradient elution mode.
Western Blotting-After 48 h of stimulation, cells were harvested, washed in PBS, and lysed by sonication in detergent-free lysis buffer (50 mM Tris-HCl (pH 7.6), 1 mM EDTA, Protease Inhibitor Cocktail (Nacalai Tesque)). The supernatant of each ultracentrifuged lysate was collected as the cytosolic fraction and subjected to SDS-PAGE.
5-(and-6)-Carboxyfluorescein Diacetate, Succinimidyl Ester (CFSE) Assay-Splenic T cells were labeled with CFSE by incubating them in labeling buffer (5 M CFSE and 5% (v/v) FBS in PBS) for 5 min at room temperature with manual cell dispersal every minute. After 48 h of culture, the cells were stained with Siglec-Fc probes and evaluated via FACScan.
Assessment of Proliferation Using an Enzyme-linked Immunosorbent Assay (ELISA)-Aliquots (100 l) of a splenic T-cell suspension (1 ϫ 10 6 cells/ml) were placed in the wells of 96-well plates and stimulated with various reagents. After 24 h of culture, bromodeoxyuridine (BrdU) was added, and incubation continued overnight. Incorporated BrdU was detected using a chemiluminescent ELISA system (Roche Applied Science) and a SpectraMaxL (Molecular Devices).
Sialoglycan Expression Modulation of Human Cell Lines-Mouse Cmah cDNA was transfected to the U937 cell line with the aid of a retroviral vector that co-expresses green fluorescent protein (GFP) by virtue of the presence of an internal ribosomal entry site (IRES). The KMS-12-PE cell line was stably transfected with rat St6gal1 cDNA with the aid of a retroviral vector, co-expressing the extracellular domain of human CD4, also by virtue of translation from an IRES. Virus-infected CD4-positive cells were sorted on a FACSAria II cell sorter to obtain cells remodeled in terms of the Sia linkage. Sorted cells were further transfected with mouse Cmah cDNA with the aid of a retroviral vector co-expressing GFP by virtue of the presence of an IRES. This construct was used to manipulate Neu5Gc expression. Empty virus vectors served as controls.
Cytotoxic T Lymphocyte (CTL) Assay-CTL activity was measured as reported previously (32) , with minor modifications. Cmah-Tg or wild-type male mice 8 -26 weeks of age were subjected to immunization. Ovalbumin (OVA)-conjugated latex beads (5 l/mouse; with 168 g/ml OVA) were suspended in PBS and intravenously injected in combination with Escherichia coli-derived lipopolysaccharide (10 ng/mouse). OVAfree latex beads served as controls. One week later, immunized mice were intravenously injected with a 1:1 mixture of OVAloaded target cells and internal standard (IS) cells. The target/IS cells were prepared from wild-type splenic B cells obtained from ACK-lysed splenocytes using a MACS CD43 depletion system (Miltenyi Biotec). After prewarming for 5 min at 37°C, B cells were fluorescently labeled with CFSE (2.5 M for target cells and 0.5 M for IS cells) for 30 min at 37°C. Target cells were then further incubated with OVA peptide (OT-I) (1 M) for 1 h at 37°C to load the peptide onto the cell surface. Next, target and IS cells were mixed in equal proportions and injected into the immunized mice (1 ϫ 10 7 target cells and 1 ϫ 10 7 IS cells). Splenocytes from the recipients were prepared 24 h later, and CFSE-positive cells were counted via flow cytometry. CTL activity was calculated using the following formula.
where C represents internal standard cell (%), T is target cell (%), C unimmunized is C of unimmunized mouse (%), T unimmunized is T of unimmunized mouse (%), and a ϭ C unimmunized / T unimmunized (normalization index). We chose this normalization method because the percentages of target cells (T) were less than those of IS cells (C), even in unimmunized mice. This was probably attributable to CFSE-mediated cytotoxicity and not to variation in CTL activity. Therefore, we used the CTL activity values of unimmunized mice to discriminate responders from non-responders.
Cell-Cell Interaction Assay-Splenic B and T cells of various genetic backgrounds were prepared in 1% (w/v) BSA/PBS rather than RPMI medium with FBS to avoid FBS-mediated contamination with sialylated glycans. B cells were labeled with 5 M CFSE for 5 min at room temperature, and T cells were labeled with 16 M FM4-64 (Invitrogen) for 30 min at 37°C. Labeled B and T cells were washed in 1% (w/v) BSA/PBS, resuspended in the same solution at 2 ϫ 10 7 cells/ml, and mixed in equal proportions. After incubation for 3 h on ice, samples were diluted in FACS buffer, and fluorescence intensities were measured using a FACSCalibur. The two-celled area was gated on a forward scatter-side scatter plot, and the contributions to fluorescence of CFSE and FM4-64 were analyzed.
Statistical Analysis-Data are expressed as means Ϯ S.E. of the results of (at least) triplicate cultures or of three mice in any group. The statistical significance of observed differences was evaluated using Student's t test. All experiments were performed at least twice, and representative results are shown.
RESULTS

Activation-dependent Induction of the Expression of ␣2,3linked Neu5Ac in T Cells-Changes in glycosylation patterns
modulate protein function, and glycosylation is tightly controlled to optimize the immune response (33) . Differences in the Sia species expressed by resting and activated T cells may modulate T-cell functionality. Glycan functions are commonly mediated by the (often sugar linkage-specific) binding of lectins (glycan-recognizing proteins) (34) . Thus, the nature of the Sia linkage to glycans is also important in terms of the sialoglycan functions exercised in T cells. ␣2,6-Linked Sia levels fell upon activation of T cells via suppression of ST6GalI, a sialyltransferase attaching Sias to Gal via an ␣2,6 linkage (7) . Mature T cells expressed fewer ␣2,6-linked Sias than did B cells but contained large amounts of ␣2,3-linked Sias (4). Thus, we hypothesized that ␣2,3-linked Sia levels would increase upon activation of T cells. We first stained activated T cells with a GL7 antibody and a mouse Sn (mSn)-Fc probe to detect ␣2,6-linked and ␣2,3linked Neu5Ac, respectively (4, 35) . Regardless of the activating stimulus employed, T cells became GL7-positive, and a combination of anti-CD3 and anti-CD28 most efficiently induced the GL7 epitope. However, the intensity of GL7 staining was low ( Fig. 1A) . In contrast, activated T cells were strongly stained with mSn-Fc ( Fig. 1B) . These results indicate that activation of T cells features (principally) induction of the Sn ligand, ␣2,3linked Neu5Ac, at glycan termini.
We previously found that the changes in Sia species of, and concomitant GL7 epitope expression in, activated B cells were caused by repression of Neu5Gc mediated by suppression of CMAH, which is an indispensable enzyme in Neu5Gc biosynthesis. To clarify GL7 epitope induction in activated T cells, the Neu5Gc/Neu5Ac ratio was examined by HPLC, and CMAH expression levels were measured by Western blotting. This was important, because antibody staining of glycans may mirror Neu5Gc expression using certain types of linkage, and a previous report found that Cmah mRNA levels declined in activated T cells, but examination at the protein level was not performed in that study (22) . The ratio Neu5Gc/(Neu5Ac ϩ Neu5Gc) fell upon activation, and the extent of such change was negatively correlated with the mSn-Fc staining intensity (Fig. 1, B and C). CMAH was suppressed in activated T cells, most significantly in anti-CD3 and anti-CD28-stimulated T cells ( Fig. 1D ). Thus, T cells repressed Neu5Gc expression by suppressing CMAH, similar to what is seen in B cells.
Role of CMAH Suppression in Activation-dependent Sn Ligand (␣2,3-Linked Neu5Ac) Induction-To confirm that suppression of Cmah transcription was responsible for the observed changes in sialoglycan expression patterns, the expression levels of Sn ligands in T cells of Cmah Tg mice were determined. Such mice were expected to exhibit Tg-derived Cmah expression in B cells ( Fig. 2A) . However, the Tg mice also exhibited leaky expression of Tg-derived Cmah in T cells ( Fig.  2B ). Development of both T and B cells in Cmah Tg mice appeared to be normal ( Fig. 2C ) (data not shown), and the TCR expression level was comparable with that of wild-type animals ( Fig. 2D ). Therefore, we used Tg T cells to explore the role played by CMAH suppression in terms of Sn ligand induction. When splenic T cells from Cmah Tg mice were stimulated with anti-CD3 and anti-CD28 in vitro, induction of the Sn ligand was repressed principally via Tg-derived CMAH ( Fig. 2E) . Similarly, the GL7 reactivity of LPS-stimulated Tg B cells was largely suppressed (data not shown). This confirmed that transcriptional Cmah repression in activated T cells increased ␣2,3-linked Neu5Ac levels. It has been reported that T-cell activation may change the levels of various glycans. To determine whether activated T cells exhibited alterations in cell surface glycosylation patterns apart from changes in Sia species, we examined activation-dependent cell surface glycan changes on wild-type and Cmah Tg T cells by staining with various lectins, the binding of which is associated with sialylation. As expected, the PNA epitope was induced upon activation on both wild-type and Cmah Tg T cells ( Fig. 2F ). PNA epitope induction was accompanied by induction of the SNA and MALII epitopes, binding to ␣2,6 and ␣2,3 sialoglycans, respectively, independent of Sia modification. Thus, T-cell activation triggered induction of various sialoglycans, whereas Cmah Tg T cells exhibited a reduction in only Sn ligand expression, of all lectins tested ( Fig. 2F) .
A Hyperresponsive Phenotype of Neu5Gc-null T Cells-To determine the T cell-autonomous role played by Neu5Gc, we first analyzed the T-cell phenotype of Cmah knock-out (Cmah Ϫ/Ϫ ) mice, which lack Neu5Gc and thus are useful in exploration of Neu5Gc functions during T-cell activation. Neu5Gc-null Cmah Ϫ/Ϫ mice exhibited normal T-cell development, as judged by expression of cell surface antigens ( Fig. 3 , A-C). Although T cells developed and matured normally, Neu5Gc-null T cells exhibited a hyperresponsive phenotype after stimulation with ConA or with anti-CD3 and anti-CD28. The proportion of Cmah Ϫ/Ϫ T cells expressing activation markers (CD25 and CD69) was higher than in wild-type T cells (Fig. 4A ). This was attributable to hyperactivation because the TCR expression level of, and the extent of ConA binding to, Cmah Ϫ/Ϫ T cells were comparable with those in wild-type T cells (Figs. 3B and 4B). Thus, the results suggest that Cmah Ϫ/Ϫ T cells were hyperreactive to stimulation.
Lack of Neu5Gc in B cells augmented B-cell proliferation (4). Expression of an activation marker may be distinct from T-cell proliferation (36) . Therefore, we explored whether an increase in the proportion of activated T cells was caused by enhanced proliferation of such cells. We measured proliferation by assessing bromodeoxyuridine incorporation. Compared with wild-type T cells, Cmah Ϫ/Ϫ T cells exhibited enhanced proliferation after being subjected to various types of stimulation ( Fig. 4C ). This indicated that Neu5Gc-containing glycans negatively regulated T-cell proliferation, although the precise mechanism remains unclear. In contrast, Cmah Tg T cells proliferated to an extent that was almost the same as that of the wild-type control, at least in terms of immediate early proliferation (data not shown). This is understandable; both wild-type and Cmah Tg T cells express Neu5Gc abundantly when stimulated. 10 0 10 1 10 2 10 3 10 4 10 0 10 1 10 2 10 3 10 4 10 0 10 1 10 2 10 3 10 4 10 0 10 1 10 2 10 3 10 4
Activation-dependent Changes in Siglec Ligand Expression on T Cells-Sias
FIGURE 2. Lack of induction of Sn ligand expression in T cells from Cmah Tg mice.
A, a schematic of Cmah transgene construction. B, expression of transgene-derived CMAH in splenic T cells was examined by Western blotting using an anti-FLAG antibody, and total CMAH levels were quantitated using an anti-CMAH N8 antibody. Tg(WT) and Tg(KO), transgenic mice of the wild-type and Cmah Ϫ/Ϫ backgrounds, respectively. C, thymocytes and splenocytes from wild-type and Cmah Tg mice were co-stained with anti-CD4 and anti-CD8 antibodies. Data are representative of three independent experiments that yielded similar results. D, splenocytes from wild-type and Cmah Tg mice were stained with anti-TCR antibody, and the percentages of TCR-positive T cells are shown. Data are representative of three independent experiments that yielded similar results. E, splenic T cells from wild-type and Cmah Tg mice were stimulated with anti-CD3 (5 g/ml) and anti-CD28 (0.5 g/ml) antibodies for 48 h and stained with mSn-Fc. None, unstimulated samples. Black solid lines, results obtained upon staining for mSn-Fc; gray dashed lines, results of control staining with mCD22(R130A)-Fc. Data are representative of more than two independent experiments that yielded similar results. F, splenic T cells from wild-type and Cmah Tg mice were stimulated with anti-CD3 (5 g/ml) and anti-CD28 (0.5 g/ml) antibodies for 48 h, and cell surface glycan expression was probed using mSn-Fc or the plant lectins PNA (which binds to desialylated core 1), SNA (which binds to ␣2,6 Sia), and MALII (which binds to ␣2,3 Sia). The blastic population was gated for the analysis of the fluorescence intensities of activated T cells to ensure that staining intensities were not affected by the numbers of activated cells. Data are the means of three mice per genotype. Error bars, S.E.
probes that bind to specific ligands. Levels of Siglec-F ligands increased upon activation, as was also true of Sn ligands (Fig. 5,  A and B) . Siglec-F binds to ␣2,3-linked Sia and may prefer Neu5Ac to Neu5Gc (38) , although preference data are limited. CD22 prefers ␣2,6-linked Neu5Gc (35) . In contrast to Siglec-F, CD22 ligand levels were drastically reduced upon activation (Fig. 5, A and B) . Sn, CD22, and Siglec-F are expressed on macrophages, B cells, and eosinophils, respectively. Activationdependent dynamic changes in the expression levels of siglec ligands may regulate the interaction of T cells with such cells. When activated T cells were stained with the mSn-Fc probe, the binding strength varied (Figs. 1B and 5B) . Apart from the observed reduction in Neu5Gc biosynthesis after CMAH repression, cellular division may contribute to the observed decrease in Neu5Gc-containing glycan levels by diluting the Neu5Gc cytosolic pool. To explore a possible association between changes in siglec ligand levels and division of T cells, CFSE-labeled splenic T cells were activated with anti-CD3 and anti-CD28 and then stained with GL7 (detecting ␣2,6-linked Neu5Ac), mSn-Fc (␣2,3-linked Neu5Ac), mCD22-Fc (␣2,6linked Neu5Gc), and hCD22-Fc (␣2,6-linked Neu5Ac and Neu5Gc). Cells that had undergone more division cycles expressed higher levels of Sn ligands (Fig. 5C ). Such cells expressed the GL7 epitope. However, only a proportion of the activated T cells were GL7-positive ( Figs. 1A and 5C ). The partial (and mild) increase in GL7 epitope expression and the marked decrease in CD22 ligand levels may have been caused by a fall in ␣2,6-linked Sia levels on activated T cells. This suggestion is supported by the results of staining with hCD22-Fc and by DNA microarray transcriptome data from anti-CD3plus-IL-2-stimulated T cells (7) . The observed mild increase in SNA staining (Fig. 2F ) (SNA also binds to ␣2,6-sialoglycans) may reflect augmentation of cellular surface area, because the blastic population was gated to retain only activated cells in Fig.  2F . Such gating was applied to eliminate any influence of differences in the proportions of activated cells among genotypes.
Recently, the Siglec-E ligand (but not the Sn ligand) was reported to be induced upon activation of T cells (22) . However, we found that, under our experimental conditions, the mSiglec-E-Fc probe did not bind to mouse T cells, regardless of whether such cells were stimulated (Fig. 5, D and E) . In line with this result, Cmah Ϫ/Ϫ T cells lacking Neu5Gc did not express the Siglec-E ligand, regardless of activation status (Fig. 5, D and E) . In contrast, Cmah Ϫ/Ϫ T cells were stained strongly with mSn-Fc, independent of activation status. To confirm further that the Siglec-E ligand was not induced by the change in Sia species mediated by regulation of CMAH expression, Cmah cDNA was transfected into "mSiglec-E-Fc-positive" U937 cells, and the effect on mSiglec-E-Fc staining was examined. U937 cells, a human monocytic cell line, lack CMAH and thus express Neu5Ac exclusively. If Siglec-E strongly prefers to bind to Neu5Ac rather than Neu5Gc, as indicated, expression of exogenous CMAH would reduce the intensity of mSiglec-E-Fc staining. However, mSiglec-E-Fc staining was not affected by Cmah transfection, whereas ␣2,3-linked Neu5Ac-detecting mSn-Fc staining decreased in proportion to the increase in CMAH expression (as monitored by the synthesis of GFP) ( Fig.  6, A-C) . A human myeloma cell line, KMS-12-PE, was also used to examine the effect of CMAH induction on Siglec-E ligand expression. Cmah transfection into KMS-12-PE cells slightly reduced staining by mSiglec-E-Fc, but mSn-Fc and mSiglec-F-Fc staining was greatly reduced (Fig. 6D ) (data not shown). From these results, we concluded that our Siglec-Fc probes functioned appropriately. Together, the data suggest that Siglec-E may prefer to bind to Neu5Ac-containing glycans rather than Neu5Gc-containing glycans, at least on human myeloma KMS-12-PE cells, as previously reported (22) , although the preference was much lower than those exhibited by Sn or Siglec-F.
When activated Cmah Ϫ/Ϫ T cells were stained with mSn-Fc, two peaks were observed (Fig. 5D) Siglec-E ligands. Concomitantly, activated T cells down-regulate the expression of CD22 ligand. Such dynamic changes in the siglec ligand expression profile may regulate the interaction of T cells with other immune cells expressing siglecs. It is possible that certain siglecs are expressed on particular T-cell subpopulations. In addition, we cannot rule out a possible effect of currently unknown novel siglecs expressed on T cells or other cell types. Very recently, activation-dependent induction of Sn ligand expression by CD4 ϩ effector T cells has been reported. The cited work focused on changes in the Sia linkage rather than the Sia species per se and concluded that ␣2,3-sialyltransferases such as ST3Gal6 may be responsible for induction of Sn ligand expression in such cells (40) . Our data suggest that Cmah suppression in activated CD4 ϩ effector T cells may also contribute to increased expression of Sn ligands. Enhanced CTL Activity in CMAH Tg Mice-To evaluate the functional aspects of Sn/CD169 ligand expression by activated CD8 ϩ T cells, we used Sn/CD169 ϩ cells as antigen-presenting cells and measured CTL activity (39, 41) using Cmah Tg mice, because Cmah Tg T cells suppress activation-dependent Sn/CD169 ligand induction ( Fig. 2E ) but would be expected to be very similar to wild-type T cells prior to activation. Intravenously injected latex particles are phagocytosed in the spleen (principally by Sn/CD169 ϩ cells and CD11c ϩ DCs). At a later time point, activated DCs present antigen to T cells in the T-cell zone (42) . Therefore, after loading OVA-conjugated latex beads to Sn/CD169 ϩ cells in vivo, we measured CTL activity directed toward OVA peptide (OT-I)-loaded target cells (32) to determine whether induction of Sn/CD169 ligand expression in activated CD8 ϩ T cells would affect this activity. We immunized mice with OVA-latex beads and LPS as an adjuvant and measured in vivo lysis of OVA peptide-loaded target cells (Fig.  7C ). Some Tg mice (strong responders) exhibited higher levels of cytotoxic activity (Ͼ40% lysis), but none of the wild-type mice were strong responders. Other Tg mice responded less strongly, similar to the wild-type controls (Fig. 7D) . Overall, the difference between the responses of the Tg mice and the controls was not particularly marked and was considered to be attributable to the presence of strong responders among the Tg mice. The precise mechanism of such enhanced CTL activity in Cmah Tg mice is unknown, but induction of Sn/CD169 ligand expression seems to play a negative role, suggesting that interaction between activated T cells and Sn/CD169 ϩ cells negatively affects the immune response at later time points (see "Discussion"). Fig. 5C) . We have previously shown that GC B cells exhibit down-regulation of CD22 ligand expression, as detected using a GC marker, GL7 (4). We hypothesized that this might be interpreted as loss of cis-ligands, possibly increasing interactions with trans-ligands. However, the nature of the cells expressing trans-ligands for GC B cells remains unclear. GL7-positive unmasked B cells (lacking CD22 ligands) were located almost exclusively within GCs. Other cells of GCs include T FH cells, which transmit the activation signals required for appropriate B-cell activation in an antigen-dependent manner. GC T FH cells are GL7-positive, as are B-cell populations (23) . Fig. 1 shows that T-cell activation repressed Neu5Gc synthesis. Thus, we hypothesized that concomitant Neu5Gc suppression in both T and B cells might control the extent of interactions between these cells. We explored antigen-independent Sia modification-dependent T-B interactions by using an assay employing "untouched" splenic T cells and B cells. This was advantageous, because the binding of antibody to cells may induce various alterations, especially in B cells. To explore the effects of variation in Sia species, we used B and T cells from Cmah Ϫ/Ϫ mice to model activated B and T cells expressing Neu5Ac as the major Sia species and wild-type B and T cells that express principally Neu5Gc as nonactivated cells. In this model, the full repertoire of TCRs and B-cell receptors (BCRs) were included, and antigen-dependent interactions were thus minimized. We used this in vitro T-B interaction assay to explore the veracity of our hypothesis that T cells that fail to suppress Neu5Gc expression may cause Neu5Gc to function as a trans-ligand for CD22 (expressed by unmasked B cells), resulting in TCR-independent T-B interaction. When both T and B cells were prepared from wild-type mice, the T-B interaction was minimal ( Fig. 8 ). However, GL7-positive B cells from Cmah Ϫ/Ϫ mice, which lack cis-ligands, exhibited very strong interactions with wild-type T cells, although the BCR/ TCR repertoire was similar to that of unbound controls. The extent of this interaction was significant and reproducible under the conditions that we used, although the cell interaction values (percentages) were relatively low (less than 15% of total cells). Neu5Gc is important in this context because the T cells of Cmah Ϫ/Ϫ mice avoided recognition by unmasked B cells. Because Cd22 deletion rescued the enhanced T-B interaction phenotype, we concluded that the interaction was mediated by CD22. The data indicated that repression of Neu5Gc in GC B cells increased CD22 binding capacity to trans-ligands, thus affecting the binding of such cells to other cells, including T cells. This interaction is thought not to involve TCR (antigen specificity). Activated T cells/GC T FH cells (23) may escape CD22-mediated antigen specificity-independent binding to activated B cells via repression of Neu5Gc-containing glycans (28) . Our results thus suggest that a change from Neu5Gc to Neu5Ac production in activated T cells reduces nonspecific A and B , wild-type unstimulated splenic T cells (A) or such cells after activation with anti-CD3 (5 g/ml) and anti-CD28 (0.5 g/ml) antibodies for 48 h (B) were stained using various Siglec-Fc probes and analyzed by flow cytometry. Black solid lines, staining data for mSn-Fc, mCD22-Fc, mSiglec-E-Fc, or mSiglec-F-Fc; gray dashed lines, results of control staining with mCD22(R130A)-Fc. Data are representative of two independent experiments that yielded similar results. C, CFSE-labeled wild-type splenic T cells were stimulated with anti-CD3 (5 g/ml) and anti-CD28 (0.5 g/ml) antibodies. After 48 h of culture, the cells were stained with mSn-Fc, mCD22-Fc, hCD22-Fc, or GL7 antibody and analyzed by flow cytometry. Propidium iodide-negative (live) cells were analyzed. Data are representative of more than two independent experiments that yielded similar results. D and E, wild-type and Cmah Ϫ/Ϫ splenic T cells without stimulation (D) or after activation with anti-CD3 (5 g/ml) and anti-CD28 (0.5 g/ml) for 48 h (E) were stained with mSn-Fc or mSiglec-E-Fc and analyzed by flow cytometry. The results are shown as in A. Data are representative of two or three independent experiments that yielded similar results. 
Enhanced CD22-mediated T Cell-B Cell Interaction (T-B Interaction) after Suppression of Neu5Gc Expression by B Cells-Activated T cells no longer expressed CD22 ligands upon induction of Sn ligand expression (
DISCUSSION
In the present study, we found that Neu5Gc negatively regulated T-cell proliferation, as has also been reported in B cells. We showed that lymphocytes modified their Sias after activation to regulate cellular proliferation (Fig. 4C ). Very recently, Buchlis et al. (43) independently reported enhanced T-cell proliferation in Cmah Ϫ/Ϫ mice. We examined proliferation at an earlier time point than considered by the cited authors. The cited work examined proliferation of CFSE-labeled cells cultured for 3-5 days. Thus, our results highlight events that take place at a more immediate early TCR-signaling stage. The mechanism by which Neu5Gc regulates T-cell proliferation has yet to be determined; however, the process appears to be CD22- (44), no report has described the siglecs of mouse T cells, with the exception of Siglec-F. This siglec was reportedly not expressed on resting T cells but was induced in some CD4 ϩ T cells in an allergic inflammation model (37) . Currently, the role played by Siglec-F in T cells remains unknown, although we did observe Siglec-F ligand induction in activated T cells in which the ligand may function as a cis-ligand (Fig. 5B ). It has been reported that the proliferative response of GL7-stained subpopulations of thymus CD4 ϩ CD8 Ϫ cells was greater than that of their GL7unstained counterparts (45) . Therefore, expression of the GL7 epitope on thymocytes may also be affected by repression of Neu5Gc, similar to what is seen in activated splenic T cells, enhancing cell proliferation (Fig. 4C) . Identification of the molecule(s) involved in Neu5Gc-mediated negative regulation of cell proliferation is important because such data might explain the observed differences between humans, who are unable to biosynthesize Neu5Gc, and other hominid species (46) . Recently, the Siglec-E ligand was reported to be up-regulated in activated T cells. Probes for other siglec ligands, including Sn and Siglec-F, bound poorly to activated T cells in the cited report (22) . However, we could not detect significant binding of mSiglec-E-Fc to mouse T cells (Fig. 5, D and E) in our present study. The probe did bind to U937 cells, indicating that the probe was active. The discrepancies in mSiglec-E-Fc binding patterns may be attributable to differences in Fc probe preparation. To prevent potential masking of binding caused by probe sialylation, we used Lec2 cells for probe preparation. These cells do not express Sia on their surface because the Golgi apparatus does not contain a CMP-Sia transporter (47) . The utility of this approach should be emphasized, especially for the CD33 subfamily of siglecs, which bind weakly to their ligands, or probes targeting ␣2,3-linked Sia (the dominant form of sialylation in many cell types, including CHO cells). However, it is also possible that differences in culture conditions may have caused glycan expression levels to vary.
Changes in Sia expression not only regulated lymphocyte proliferation but also modulated cell-cell interactions (Fig. 8 ).
Avoidance of nonspecific T-B interactions in GCs is very important because GC T FH cells form a specialized subset of effector cells that act on GC B cells via cytokine release or coreceptor ligation.
It is reasonable to expect that a large proportion of GC B cells do not possess the appropriate BCR because of the random nature of somatic hypermutation that occurs after activation by GC T FH cells. Regardless of BCR status, such cells express unmasked CD22 without alteration of CD22 expression levels, as shown by high level GL7 epitope expression by GC B cells (4) . Such GL7-positive (CD22-unmasked) B cells proliferate in GCs, where GC T FH cells also reside. We hypothesized that concomitant Neu5Gc suppression in both activated T (Fig. 1) and B cells (4) might be crucial for regulation of T-B interaction. To evaluate this hypothesis, we established a model system using nonactivated cells to examine the cellular interaction of T cells and B cells in an antigen-nonspecific manner ( Fig. 8) , because GC cells are blastic and tend to engage in cellular adhesion. Furthermore, GC T FH /B cells cannot be iso- lated without antibody binding for selection. Ideally, this combination should be used to confirm the results of the present study. Nonetheless, the use of Sia modification to avoid noncognate T-B interactions in GCs may result in optimal selection of GC B cells, in addition to soluble antigen-mediated apoptosis (48) , interzonal migration between the light and dark zones (49) , and/or competition for antigen (50) . We also showed that T-cell activation increased the levels of Sn ligands, which may function as trans-ligands to regulate cellcell interactions. Sn/CD169 is expressed principally on macrophages resident in regions exposed to body fluids (51) and interacts with T cells (41, 52, 53) . Sn knock-out (Sn Ϫ/Ϫ ) mice exhibit increases in the proportions of CD8 ϩ T cells in the spleen and lymph nodes (54) , indicating that Sn-mediated cellular interaction(s) may attenuate peripheral CD8 ϩ T-cell activities, although the underlying molecular mechanism remains to be elucidated. Indeed, CD8 ϩ T cells seem to express the Sn ligand preferentially in both the mouse (Fig. 7A ) and human (51), suggesting that this may be of functional importance. Sn/CD169 ϩ macrophages have been reported to present antigen to CD8 ϩ T cells (55) . More recently, it was suggested that Sn/CD169 ϩ macrophages target CD8 ϩ T cells in terms of presentation of dead cell-associated antigens during development of anti-tumor immunity (56) , and target iNKT cells with lipid antigen (39) . Sn/CD169 may be transferred, as a bleb, from macrophages to lymphocytes to participate in transfer of non-cognate antigen(s) (57) . Collectively, many aspects of antigen presentation may involve Sn/CD169 ϩ cells, although the roles played by Sn/CD169 and the relevant ligand in terms of such presentation remain unknown.
To explore the functional aspects of ligand expression preference, we measured the level of CTL activity using OVA-conjugated latex bead-borne antigen, a model used to explore CD8 ϩ T-cell functions (Fig. 7, C and D) . The latex-conjugated antigen is acquired by antigen-presenting cells expressing Sn/CD169 (42) and subsequently triggers CTL activation (32), although the Sn/CD169 ϩ cell type involved is not known. We found that the CTL activity of Cmah Tg T cells lacking the Sn ligand was enhanced ( Fig. 7D ). Consideration of the spatiotemporal aspects of events leading to development of CTL is helpful when seeking to understand such enhancement in the context of Sn/CD169 ligand induction upon activation of T cells (Fig.  1B) . Sn ligand induction occurs after activation, and resting T cells of either wild-type or Cmah Tg mice do not express the Sn ligand. Thus, it is rather unlikely that Sn ligand interaction is involved in initial activation of naive T cells. Although both Sn Ϫ/Ϫ and Cmah Tg mice exhibited normal thymic T-cell development, the levels of peripheral CD8 ϩ T cells increased only when Sn was deficient. This indicates that optimal-ligandindependent Sn function is important in terms of CD8 ϩ T-cell homeostasis, although the mechanism remains elusive. In general, antigen presentation by DCs is considered to activate naive T cells, and macrophages present antigens to T cells primarily to trigger the effector functions of such cells. Activated DCs migrate from the marginal zone to the T-cell zone of the spleen. Therefore, T cells must migrate to the T-cell zone if antigen presentation by DCs is to be effective. Forced suppression of Sn ligand expression may allow T cells to migrate from the mar-ginal zone to the T-cell zone in Cmah Tg spleens, thus hyperactivating CTL activity toward the OVA peptide ( Fig. 7D ).
We showed that both CD4 ϩ and CD8 ϩ T cells induced Sn ligand expression after activation (Fig. 7B) . A previous study explored the interaction of Sn/CD169 ϩ macrophages with CD4 ϩ T cells in an experimental autoimmune encephalomyelitis model. Binding of Sn/CD169 ϩ macrophages to regulatory T cells suppressed proliferation of regulatory T cells, whereas CD4 ϩ effector T cells lacking the Sn ligand were not affected (58) . Therefore, proliferation of cytotoxic CD8 ϩ T cells of Cmah Tg mice, which cannot induce Sn ligand synthesis, may render it possible to escape Sn-mediated suppression, enhancing CTL activity. It is also possible that constitutive Neu5Gc expression in Cmah Tg T cells alters cellular functions during the developmental "educational" step, although the CD4 ϩ / CD8 ϩ ratio was normal in unimmunized Tg mice (Fig. 2C) . Tg-derived CMAH expression in the Tg mouse is driven by leaky promoter activity, and we cannot rule out the possibility that not only B and T cells but also other cells express Tgderived CMAH. Such expression could influence the in vivo phenotype. Further work is needed to clarify whether Sn/CD169 is functionally involved in antigen presentation event(s) or simply serves as a marker of cells involved in such event(s). However, the Cmah Tg mouse is the first functional Sn ligand knockdown animal model that allows investigation of the ligand functionality of Sn/CD169.
In the present study, we explored the physiological significance of activation-dependent Neu5Gc suppression via both T cell-autonomous and heterocellular interaction-mediated mechanisms. Activation-dependent Neu5Gc suppression is common to both B and T cells. Regulation of the sialoglycansiglec interaction via alteration of Sia species seems to modulate selection of the target cells with which B and T cells interact. Binding to T FH cells in an antigen-dependent manner is important in the context of GC B cell activity. T FH cells select GC B cells that have already been activated by antigen as binding partners but do not select non-activated B cells. The results of the CTL assay ( Fig. 7D) indicate that activated CD8 ϩ T cells may choose activated DCs rather than marginal zone macrophages as binding partners. Siglec-F ligand induction may also be involved in regulation of binding partner choice.
Lymphocytes of Cmah Tg mice did not exhibit activationmediated Neu5Gc suppression in vitro. Induction of the GL7 epitope was suppressed in LPS-activated B cells (data not shown), and induction of the Sn ligand was suppressed in activated T cells ( Fig. 2E ). However, GC-like B cells, induced in vitro using feeder cells (59) , expressed the GL7 epitope to some extent, regardless of the level of Tg-mediated CMAH expression. 3 Therefore, remodeling of Sia species to avoid Neu5Gc suppression in GC B cells completely is not yet possible. The molecular mechanism(s) that is responsible for additional Neu5Gc suppression and compromises attempts to express Tgderived CMAH remains unknown. Both B and T cells may use the same mechanism of transcriptional regulation and/or control of protein degradation to this end. It is important to deter-3 Y. Naito-Matsui and H. Takematsu, unpublished observations. mine how Neu5Gc synthesis is suppressed in GC cells; this is a major challenge in the field. The answer may shed light on the apparent silencing of Neu5Gc expression in neural tissues.
